Abstract Regardless the low production rate, electrospinning remains the attractive technique for the nanofibers production in various fields. Thus, the development of a multi-jet technologies for electrospinning gives an opportunity to scale up and increase throughput of the fibers production. However, the multi-jet electrospinning technologies exhibit one major drawback-electrostatic mutual jet repulsion issue. In present research, we propose air blow-assisted multi-jet electrospinning system allowing production of nanofibers with yield, at least, tenfold higher than single jet electrospinning. The system produces nanofibers in two modes: multi-jet electrospinning and blow-assisted multi-jet electrospinning. In case of the latter, the application of sheath air stream allows the system to overcome the electrostatic mutual repulsion issue. These lead to the reduction of deviation of the polymer solution jets, the reduction of instabilities of the jets and the improvement of the control of the nanofibers deposition. Nanofibers morphology and size were investigated based on the scanning electron microscope micrographs. The comparison of the two modes shows changes in nanofibers morphology from beaded structure to fine nanofibers, and the slight increase in fiber mean size when the blowing assistance was applied to the process.
Introduction
The main limitation of electrospinning process is a low nanofibers production rate. Since 1934, when Fromhals introduced the electrospinning to wider public by submitting a patent application for the technique, researchers have been investigating possibilities of its' industrial usage [1] . On the laboratory scale, the electrospinning allows to produce ultrafine nanofibers with rates sufficient enough to conduct experiments. It means that using polymer solution feed rate in the range from about 0.2 ml•h −1 to about 2 ml•h −1 in a single-jet electrospinning system fibers can be produced with a rate from about 0.01 to about 0.1 g•h −1 [2, 3] . Other obstacles with industrial application of electrospinning are the high voltage requirement and humidity influence of the fibers properties.
E v e n t h o u g h t h e i n d u s t r i a l a p p l i c a t i o n o f t h e
electrospinning is limited, nanofibrous structures generated by this technology gathered attention of specialists from various fields, for instance filtration [4, 5] , chemical catalysis [6, 7] , electronics and energy storage [8, 9] , tissue engineering [10] [11] [12] , and the like. To overcome the low throughput of electrospinning, and provide large scale process for abovementioned specialists, various approaches have been reported to scale up nanofiber production. These approaches might be named as multi-jet techniques. Zheng et al. summarized these approaches to electrospinning scale up in three categories [13] : multineedle electrospinning [14, 15] , multihole electrospinning [16, 17] , and free surface electrospinning [18, 19] . Even though above approaches allow improvement in nanofibers production rate by electrospinning, there is an important issue with multi-jet electrospinning -the deviation of the angle of the jets form the axis of the electrospinning system caused by mutual electrostatic repulsion. The use of more than one nozzle for polymer solution supply in multi-jet electrospinning causes the electric field deviation that leads to jets repulsion and angle deviation of the jets. The deviation of multi-jet electrospinning jets also causes instability problems such as dripping of polymer solution and fiber collection difficulties [3] . Working on single-jet electrospinning process, Deitzel et al. proposed application of additional rings to stabilize the electric field [20] , and this approach inspired variety of configurations for multi-jet electrospinning to modify and control the process. Kim et al. introduced multi-jet electrospinning system with additional cylindrical electrode surrounding the nozzles system [21] . Another modification by additional electrodes in multi-jet process was an auxiliary electrode. Placed in parallel to the collector, either supporting the nozzles [15, 22] , or working as additional collector [23] , the auxiliary electrode controls the electric field uniformity in the multi-jet electrospinning process. Tomaszewski and Szadkowski, and Yang et al. suggested that appropriate nozzles distribution in multi-jet electrospinning system facilitates collecting process of nanofibers [24, 25] . In their review paper, Ramakrishnan et al. described another approach to multi-jet needleless electrospinning called bubble electrospinning [26] . In this process, carrier gas is pushed through the polymer solution forming bubbles. When a bubble bursts at the surface of the polymer solution, the polymer jet is formed in electrostatic field. Another approach to overcome the instabilities of polymer jet in electric field for the single-jet electrospinning also involves usage of the gas and includes application of high speed air stream. Several groups used this approach to control the production and the collecting process in a simple single-jet electrospinning system. This approach was also used to improve the nanofibrous product quality [27] [28] [29] . Even though, the last two abovementioned approaches are not specific for overcoming the mutual repulsion effect, the application of, so called, assistance of sheath gas was inspired and reported to be used in multi-jet electrospinning systems [30] . Process presented by Yu et al. involves the application of air stream in the way similar to the solution blow spinning process -another method for nanofibers production [31] -where each spinneret is built in a way allowing the use of gas stream individually. This approach gives a control over each polymer solution jet separately, but leaves the problem of non-uniform collection of the nanofibers mat on the surface of the collector.
Modifications of multi-jet electrospinning process presented above are based on both phenomenological and numerical approaches to solving the problem of mutual jet repulsion in the process. Zheng et al. offered more detailed description of this problem. Testing multihole and multineedle systems for electrospinning, they discovered that the factors for good control of the collecting process of nanofibers are the length of the straight jet and the size of the envelope cones of the outer jets. Also, according to the results of Zheng et al., the outer jets angle deviates more and create larger envelope cones in multineedle electrospinning system [3] .
Our previous study shows that application of air stream in nanofibers producing processes may play a crucial role, especially when it is the only source of a driving force for the process [32] . In present work, we introduce the air blowing assistance to multi-jet electrospinning process. Application of the multi-jet electrospinning system was intended to improve the electrospinning throughput. The aim of present work is to present a new way to overcome electrostatic mutual repulsion of the polymer jets by the application of sheath gas surrounding multi-jet electrospinning spinneret using specifically designed system. The effect of the reduction of the repulsive interactions of polymer jets was investigated. This effect was measured by the size of collection area of the nanofibrous mat on the surface of the collector, and comparison of the products obtained in two modes multi-jet electrospinning and blowassisted multi-jet electrospinning was made. What is more, we investigated how the modification of the multi-jet electrospinning process by blowing assistance influences the nanofibers quality -fibers morphology and fibers mean size.
Materials and methods

Blow-assisted multi-jet electrospinning system
The multi-jet electrospinning (MES) technology with assistance of blowing air was developed, and the spinneret of blow-assisted multi-jet electrospinning (BMES) system is shown in Fig. 1 . The BMES system consisted of the following components. Polymer solution was delivered to the system by syringe pump (Ascor, Poland, Fig. 1d-1 ) using 20 ml syringe (BD Plastipak, USA) to the polymer solution chamber in multi-jet system (Fig. 1a) . The multi-jet electrospinning spinneret consisted eight polymer nozzles -inner diameter of 0.8 mm -placed on the electrode (Fig. 1a-1 ). The aluminum ring with outer diameter of 45 mm and inner diameter of 20 mm was used as an electrode ( Fig. 1a-2 ). The polymer nozzles were arranged on the electrode on the circumference of a concentric circle having diameter of 32 mm, at the apexes of the octagon inscribed in that circle. The electrode was placed on the polymer solution chamber (Fig. 1a-4) . Further, the system consisted an air duct and mount (Fig. 1a-5 and a-6, respectively) placed onto the support (Fig. 1a-7 ). Compressed air, with controlled pressure, was delivered by the air pump (HydrovaneHV01, UK) through the inner and outer air nozzles (Fig. 1c) . The inner air nozzle had the diameter of 20 mm, and the outer air nozzle -120 mm. At a distance of 60 mm (working distance) over the polymer solution nozzles the collecting aluminum plate was mounted. The electrode and the collecting plate were connected to the high voltage power supply, to the positive connector and the grounding, respectively. The Electrostatic Generator ET-100/F (JJ Serwis, Poland, Fig. 1d-3 ) was used as a high voltage power supply to provide voltages in the range from 0 to 25 kV.
Polymer solutions
Poly-L-lactic acid (PLLA) with weight-average molecular weight about 200 kDa (Biomer L9000, Krailing, Germany) was used to prepare solutions for both, multi-jet electrospinning (MES) and blow-assisted multi-jet electrospinning (BMES) processes. Mixture of dichloromethane and N,N-dimethylformamide (9:1, v/v) was used as a solvent (both analytical grade, Carlo Erba Reagents, Italy). The PLLA solutions of mass concentration of 4, 6 and 8% w/w, were prepared 24 h before the experiments. Preparation of the polymer solutions was conducted in the room temperature, and relative humidity was in a range between 40 to 55%, conditions corresponding to those of MES and BMES processes. Zero-shear rate viscosity of the prepared solutions was determined using Brookfield DV-III+ rheometer (Brookfiled, Inc., USA). Resulting viscosity of poly-L-lactic acid solutions with concentration of 4% w/w, 6% w/w, and 8% w /w was 52 ± 1 mPa• s , 3 4 7 ± 3 9 m P a • s , a n d 2574 ± 658 mPa•s, respectively.
Multi-jet electrospinning of poly-L-lactic acid nanofibers
The multi-jet electrospun (MES) nanofibrous mats were prepared in the system described above (see Fig. 1-a and b) . Polymer solution was delivered to the system by syringe pump with constant feed rate of 15 ml•h −1 , about tenfold higher than reported for classic electrospinning [2] . The applied high voltage of 15, 20 and 25 kV generated the electrostatic field causing stretching of the poly-L-lactic acid solutions and formation of nanofibers by solvent evaporation. Resulting nanofibers were collected on the surface of a grounded aluminum plate. The MES process was conducted in the room temperature, and relative humidity was in a range between 40 to 55%, conditions corresponding to preparation of the polymer solutions.
Blow-assisted multi-jet electrospinning of poly-L-lactic acid nanofibers
The blow-assisted multi-jet electrospun (BMES) nanofibrous mats were produced in the system described above (Fig. 1) , with blowing assistance by high speed air stream (Fig. 1c) . The procedure of BMES, feed rate and voltages were the same as for the multi-jet electrospinning (MES) process, however the compressed air stream was applied as an assistance for the process. Using air pump and reductive valves system, the air stream with inlet pressure of 3 bars was used. As well as MES, the BMES was conducted in the room temperature, and relative humidity was in a range between 40 to 55%, conditions corresponding to preparation of the polymer solutions.
Nanofibers deposition analysis
The collecting patterns and the size of nanofibrous mats produced in multi-jet electrospinning (MES) and blow-assisted multi-jet electrospinning (BMES) on aluminum collecting plate were investigated. Both processes were conducted for 5 min. After that, the collector was removed from the system to take a photograph. For products from both processes -MES and BMES -the area of the collector covered by the nanofibrous mat was measured using ImageJ software (version 2.0.0-rc-43/1.50 g) for the comparison.
Scanning electron microscopy analysis
The differences in morphology and the size between poly-Llactic acid (PLLA) nanofibers obtained in multi-jet electrospinning (MES) and blow-assisted multi-jet electrospinning (BMES) were determined based on the analysis of scanning electron microscope (SEM, PhenomTM, Phenom World, Netherlands) micrographs. Nanofibrous mats were cut into square pieces 10 mm × 10 mm and sputtered with gold (K550 Emitech, Quorum Technologies, UK) prior SEM analysis. ImageJ software (version 2.0.0-rc-43/1.50 g) was used to measure the fibers diameter on the SEM micrographs.
Statistics
Results from experiments of collecting of nanofibrous mats are expressed as a mean value of the nanofibers mat area ± standard error (SE). Experiments were performed five times for each processing conditions. For each experiment, the total area of the nanofibrous mat was measured. Results of nanofibers mean diameter analysis are expressed as mean value ± standard error (SE). One hundred diameters of single fiber were measured for each experiment to calculate mean nanofiber diameter value. Experiments of nanofibers mean diameter dependence on the applied voltage, as well as viscosity measurements are expressed as mean value ± standard deviation (SD) calculated based on experiments repeated five times. Statistical significance of difference between compared populations was analyzed using single factor analysis of variance (one-way ANOVA) with p < 0.05 and the results of the analysis are denoted in figures with asterisk.
Results
Nanofibers deposition analysis
Mutual electrostatic repulsion of polymeric jets in multi-jet electrospinning (MES) is one of the main drawbacks of this technique. It affects the stability of the process and uniformity of produced nanofibrous mats, as well as the area of the collector covered by the product in the process, which can generate product loss. In Fig. 2 we present data that describes the difference between collecting the nanofibers in MES and BMES. The area of the nanofibrous mat collected in the blow-assisted multi-jet electrospun process is from about 33% to about 42% lower comparing to the product of the multi-jet electrospinning process. What is more, the area of the nanofibrous mat increases with the increase of the polymer solution concentration, regardless of the process.
Nanofibers morphology and sizes
The key properties of the nanofibrous mats are uniform fibers morphology and narrow size distribution within the single Fig. 2 Comparison of collecting of nanofibers in multi-jet electrospinning system (MES) and blow-assisted multi-jet electrospinning system (BMES) for poly-L-lactic acid solutions (PLLA), V = 20 kV, p = 3 bar (in case of BMES); the asterisk denotes significant difference (p < 0.05) between area of nanofibrous mat from MES and BMES mat, when mean fiber diameter is the most widely used as a characterization parameter for the product. Proposing more efficient technology for the nanofibers production, one needs to remember that the efficiency of a technology must be in parallel to the product quality. Figure 3 shows results of scanning electron microscope (SEM) analysis of multi-jet electrospun (MES) and blow-assisted multi-jet electrospun (BMES) nanofibers spun from poly-L-lactic acid (PLLA) solution with concentration of 4% w/w. Regardless of the production process, nanofibers contain beads within their structure. BMES process allows nanofibers formation for all of applied voltage values, from 15 to 25 kV, comparing to MES process which produces PLLA foil when 20 kV voltage was applied. Even though the product exhibit beaded morphology, if we take only nanofibers into account they show narrow size distributions, where mean fiber diameter is in a range from about 150 nm to about 180 nm for multi-jet electrospinning process, and from about 140 nm to about 170 nm for blow-assisted multi-jet electrospun, when the air pressure is 3 bars. Nanofibers produced from PLLA solution with 6% w/w concentration of polymer have less beads within the structure comparing to the nanofibers produced from 4% w/w solution, see Fig. 4 . In the same manner as in electrospinning, MES nanofibers spun from solution with increasing polymer concentration exhibit finer fibers morphology maintaining narrow size distribution [33] . Application of blow-assistance to the multi-jet process results with nanofibers with fewer and more stretched beads in fiber structure, as shown in SEM micrographs (Fig. 4) . Nanofibers size distributions for MES are much narrower than for BMES. Mean fiber diameter for multi-jet electrospinning nanofibers ranges from about 130 nm for 15 kV voltage to about 280 nm for 25 kV, when application of air blowing-assistance with a pressure of 3 bars in blow-assisted multi-jet electrospinning results with product with mean fiber diameter from about 230 nm to about 330 nm. Figure 5 shows morphology of nanofibers produced in multi-jet electrospinning and blow-assisted multi-jet electrospinning from poly-L-lactic acid solution with 8% w/w polymer concentration. Application of high electrostatic voltage of 20 kV and 25 kV in MES process results with fine nanofibers, while 15 kV causes polymer solution to create a foil instead of nanofibers. What is more, application of BMES with air pressure of 3 bars allows production of fine nanofibers, in the range of voltages from 15 kV to 25 kV, with relatively narrow size distribution for thicker fibers. Mean fiber diameter for multi-jet electrospinning ranges from about 700 nm to about 850 nm, and for blow-assisted multi-jet electrospinning -from about 700 nm to about 900 nm. We observed that changes in applied voltage in both, multijet electrospinning and blow-assisted multi-jet electrospinning processes influences final product's morphology and mean fiber diameter. Figure 6 presents data indicating that in case of multi-jet electrospinning process for PLLA solution with 6% w/w polymer concentration mean fiber diameter increases with voltage. Mean fiber diameter reaches maximum value (in the investigated range of voltages) for PLLA solutions with polymer concentration of 6% w/w and 8% w/w in blowassisted multi-jet electrospinning for 20 kV. However, for PLLA solution with 4% w/w polymer concentration spun in blow-assisted multi-jet electrospinning process increase of voltage does not affect the mean fiber diameter.
Discussion
Recently reported modifications of multi-jet electrospinning (MES) systems in order to overcome the mutual repulsion effect of polymer solution jets include application of additional electrodes, auxiliary electrodes and specifically designed polymer nozzles arrays [21, 24, 34] . Most of those approaches result in the complex design of the system and/or complex modeling of electrostatic field and flow patterns in order to optimize the nozzles array of the multi-jet electrospinning system. Application of air blow-assistance to the multi-jet electrospinning (BMES) allows simple and precise control of nanofibers collecting process, by the reduction of the collecting area. The viscous interaction between air stream and polymer solution jets in blow-assisted multi-jet electrospinning lowers the deviation of jet angles described by Zheng et al. and reduces the envelope cones of the jets [3] . This leads to the reduction of the collecting area of the nanofibrous mat resulting with more uniform product. However, the air stream affects the nanofibers formation process, thus proper optimization of processing parameters (voltage, air pressure, and the like) might be necessary to produce fibers without defects like beads or foil on the surface of the nanofibrous mat.
In electrospinning the effect of beads formation is wellknown [33] . Low viscosity of polymer solution and high surface tension of the solution cause instabilities in classic singlejet electrospinning. This leads to beads formation within the fibers structure [35, 36] . We observed the same effect in both, multi-jet electrospinning (MES) and blow-assisted multi-jet electrospinning (BMES). MES and BMES processes conducted with poly-L-lactic acid (PLLA) solutions with concentration of 4% w/w and 6% w/w -relatively low polymer concentration in solutions and low solutions viscosity -results with beaded nanofibers. Spinning with PLLA solution with Fig. 4 SEM micrographs of multi-jet electrospinning system (MES) and blow-assisted multijet electrospinning system (BMES) nanofibers; normal size distribution of MES and BMES nanofibers; process parameters and mean fiber diameter of nanofibers spun from poly-Llactic acid (PLLA) solution with concentration of 6% w/w polymer concentration of 8% w/w allows production of beadfree nanofibers, regardless of the spinning process.
Increasing the polymer solution concentration (and viscosity) leads not only to the formation of bead-free nanofibers in most spinning processes (like electrospinning or solution blow spinning). It also leads to the increase of mean fiber diameter and the slight broadening of a fibers size distribution [32] . This effect appeared in both investigated processes: multi-jet electrospinning and blow-assisted multi-jet electrospinning. Nanofibers obtained in BMES exhibit the mean fiber diameter from about 50 nm to 100 nm higher comparing to nanofibers from MES process with the same applied voltage (for PLLA solutions with concentration of 6% w/w and 8% w/w). This difference between mean fiber diameter obtained in multi-jet electrospinning process and blow-assisted process has also a different cause than influence of the polymer solution properties. The main driving force of the nanofibers formation in MES process is electrostatic force -generated between the positively charged polymer nozzles electrode and the grounded collector -acting on the polymer solution jet. The polymer jet charged in this manner interacts not only with a collector, jet itself (causing bending instabilities), but also with other polymer jets in MES. Mutual electrostatic repulsion causes broadening of nanofibers collecting area in this process, because of the deviations of the jet angle in the process. All of these interactions of polymeric jets in multi-jet electrospinning process effect with increase of the distance the polymer jets needs to go through from polymer nozzles to the collector surface. This gives a polymer jets longer time to stretch and generate thin nanofibers, similar to the effects reported elsewhere for single-jet electrospinning [35] . In blow-assisted multi-jet electrospinning, the electrostatic force of the nanofibers formation is not the only driving force for the process. 5 SEM micrographs of multi-jet electrospinning system (MES) and blow-assisted multijet electrospinning system (BMES) nanofibers; normal size distribution of MES and BMES nanofibers; process parameters and mean fiber diameter of nanofibers spun from poly-Llactic acid (PLLA) solution with concentration of 8% w/w -note that sample MES PLLA 8% V = 15 kV exhibit foil morphology and was not considered in size distribution and mean value calculations Fig. 6 The change in the mean fiber diameter for poly-L-lactic acid (PLLA) nanofibers produced in multi-jet electrospinning system (MES) and blow-assisted multi-jet electrospinning system (BMES) with the applied voltage There are additional viscous interactions of high speed air surrounding polymer jets in this process. What is more, the same viscous interactions between polymer jets and air stream reduces deviation of the polymer jets angle. This results with reduction of mutual electrostatic repulsion effect acting on polymer jets, thus reduction of bending instabilities of polymer jets, and further -reduction of flight time of the polymer jets from the nozzles to collecting plate. Shorter the flight time of polymer jet in the nanofibers formation process, shorter the time for stretching the jet. Those lead to the generation of the thicker resulting nanofibers in blow-assisted multi-jet electrospinning process.
Conclusions
In this work, we report design and development of the multi-jet electrospinning (MES) system, with additional blow-assistance (BMES) for poly-L-lactic acid (PLLA) nanofibers production. The system allows to overcome the mutual electrostatic repulsion issue in multi-jet electrospinning by using sheath gas stream for the process. The reduction of the deviation of polymer jets in the process leads to reduction of the area of nanofibrous mat by about 30 to 40%, reducing instability problems such as dripping of the polymer solution and fiber collection difficulties. Additionally, system allows nanofibers formation from PLLA solutions with concentration of polymer from 4% w/w, through 6% w/w, to 8% w/w -from solutions with low viscosity to high viscosity. Resulting nanofibers exhibit mean fiber diameter in the range from about 140 nm to about 180 nm (4% w/w poly-Llactic acid concentration), from about 130 nm to about 330 nm (6% w/w poly-L-lactic acid concentration), and from about 700 nm to about 900 nm (8% w/w poly-L-lactic acid concentration), respectively, for both investigated modes -multi-jet electrospinning and blow-assisted multi-jet electrospinning. Using multi-jet approach to electrospinning improves the process throughput and application of blow-assistance decreases the product loss in multi-jet spinning process. Proposed system, with further improvement of the design and with proper processing parameters optimization, might be the next step towards the scale up of electrospinning of polymer nanofibers.
